aim: We previously reported that incidence rates for chronic lymphocytic leukemia (CLL) among US states are significantly correlated with levels of residential radon (RR). Because these correlations could be influenced by confounding and/or misclassification among large geographic units, we reinvestigated them using smaller geographic units that better reflect exposure and disease at the individual level. Methods: We examined the relationships between CLL and RR per county in 478 counties with publicly-available data. Results: After adjustment for ultraviolet radiation, a possible risk factor for CLL, county rates for CLL and RR were significantly correlated among males and females both together and separately (p < 0.0001). conclusion: CLL is significantly associated with RR at the county level. 
Chronic lymphocytic leukemia (CLL) is the most common adult leukemia in western populations [1] , with approximately 18,960 new cases and 4660 related deaths annually in the USA [2] . CLL is predominantly a disease of the elderly, with a median age at diagnosis of 71 years. It is more common among Caucasians and its incidence is almost twice as high among men than women [3] [4] [5] . The etiology of CLL is poorly understood. A family history of hematologic malignancy is an established risk factor [6, 7] . Atopic conditions (e.g., allergy, hay fever, asthma and eczema) appear to be protective [8] . Environmental risk factors for CLL have not been consistently identified. Pesticides have been implicated in several [9] [10] [11] but not all [12] studies. An increased risk in association with exposure to sunlight/ultraviolet radiation (UVR) has been reported for non-Hodgkin lymphomas as a group [13, 14] . Conversely, a protective effect of UVR has been reported for CLL individually [8, 15] .
An etiologic role for ionizing radiation in CLL is controversial [16] . Increased risks for CLL have not been observed among atomic bomb survivors and among other highly radiation-exposed populations, leading to the long-standing view that CLL is not radiogenic [17, 18] . However, that view has been challenged by findings of significant associations between ionizing radiation and CLL among Czech uranium miners and Chernobyl cleanup workers [19] [20] [21] [22] [23] . The most important source of ionizing radiation for the general public is exposure to radon at home [24] . Radon is a naturallyoccurring gas that is the product of radioactive elements present in rocks and soil. The gas enters homes through cracks in the foundation and can be trapped inside, particularly during winter when States with publicly available indoor measured radon data:
IA, ND, TX and WI (n = 478 counties)
Counties with either missing or indoor radon levels measured on <5 homes (n = 144 counties)
Counties with reliable average indoor radon measurements (n = 334 counties)
Counties with unstable CLL age-adjusted incidence rates for 1999-2013, for each gender group (n = 62 counties for males & females; n = 120 counties for males only; n = 171 counties for females only)
Final sample Males and females (n = 272 counties) homes are sealed. Radon is the most important cause of death from lung cancer after smoking [25] . The WHO report of 2009 [26] , as well as other reports [27, 28] , did not discount possible effects of radon on cancers other than lung cancer. Radon has been examined in several studies of non-lung cancers, including esophageal cancer [29] , stomach cancer [27, 30] and leukemia [e.g., 28, [31] [32] [33] . A large case-control study of radon and childhood leukemia in Denmark found a significant association that was not confirmed in population-based studies in Switzerland and Norway [34] [35] [36] . However, a study of leukemia in relation to homes built with construction materials containing uranium as well as results of a recent meta-analysis, support an etiologic role for radon in childhood leukemia [31, 37] .
We recently reported significant positive correlations between levels of residential radon (RR) and CLL incidence rates in the USA at the level of the state [38] . A limitation of that study is that states are relatively large ecologic units and the correlations observed could be influenced by extraneous factors (confounding) and by misclassification. For example, although there is a strong correlation between per capita dietary fat consumption and breast cancer rates among countries, fat intake is not associated with breast cancer risk among individuals [39] . Because the potential effects of confounding and misclassification generally are reduced among smaller ecologic units [40] , we re-examined the association between RR and CLL at a finer scale, the county. We report that incidence rates for CLL in the USA are significantly correlated with RR at the county level and remain so after controlling for UVR.
Methods
We investigated RR and CLL incidence rates among US states that had publicly-available data. Age-adjusted CLL incidence rates per future science group www.futuremedicine.com county were computed for a 15 year time period, 1999-2013 [41, 42] . Rates for counties in North Dakota (ND) were obtained from the ND Statewide Cancer Registry [43] . All rates were age-adjusted to the 2000 US standard population and were calculated per 100,000 persons (males and females together) and separately by gender [44] . Rates for counties with fewer than ten cases were considered unstable and were censored. However, data for counties in Texas (TX) were censored for ≤16 cases. The difference in the censoring cut-points reflects the reporting policies of individual state registries.
Residential radon levels per county were obtained from RR surveys conducted by the USA Environmental Protection Agency (EPA) using short-term radon detectors placed in the lowest livable area of the residence for 2-7 days. Radon measurements were recorded as picocuries per liter (1 pCi/l = 37 Bq/m 3 ; for details of radon measurements see [45] [46] [47] [48] ). Counties with radon measurements performed on fewer than five homes were excluded.
Because exposure to UVR may be a risk factor for CLL, we included data on geographic latitude, a variable that is highly correlated with UVR and often used as a surrogate for it [49] . County-level latitude was derived from a digital map of US counties and equivalent boundaries from the Environmental Systems Research Institute [50] .
•
• statistical analyses
We used generalized linear models (unadjusted and latitude-adjusted) to evaluate the correlation between county-level radon and CLL incidence rates. The interaction between gender and radon was estimated and if significant, an analysis was performed separately for each gender. Radon levels were categorized in three groups: 'Low', ≤2 pCi/l; 'Medium', > 2 pCi/l and ≤4 pCi/l; and 'High', > 4 pCi/l (the EPA level recommended for remediation of homes [51] ). All analyses were repeated with radon as a categorical variable with 'Low' as the reference. Statistical analyses used SAS v9.4 (SAS Institute, NC, USA). The statistical significance level was set at p < 0.05.
Results
Data on county-level incidence rates and on radon levels were available for four states: Iowa (IA) [45] , North Dakota (ND) [46] , Texas (TX) [47] and Wisconsin (WI) [48] , comprising 478 counties. Seventy (70) % of these counties had radon measurements performed on at least five residences. In total, 92, 86, 25 and 4% of counties had a mean residential level exceeding 4 pCi/l (respectively). Stable CLL age-adjusted incidence rates for 1999-2013 could be computed for 81% of counties for males and females, and for 64 and 49% of males and females only (Figure 1 ). The total number of CLL cases included was 22,811; 13,002 males and 8387 females (table 1) (numbers do sum exactly due to the county censoring for each of the groups, as noted).
In bivariate analyses, age-adjusted CLL incidence rates were significantly positively correlated with mean RR overall (p < 0.0001) (Figure 2 ) and for males and females separately (p < 0.0001 and p < 0.0001). In multivariable analyses, the overall age-adjusted CLL incidence rate was significantly research article Oancea, Rundquist, Simon et al.
future science group correlated with RR and this effect persisted after adjustment for latitude (p < 0.0001). We observed a significant inter action between gender and radon, adjusting for latitude (p = 0.0009). A one-unit increase in radon (in pCi/l) at a constant latitude was associated with an increase of approximately two cases of CLL/10 6 among females (95% CI: 1-3), and approximately four cases/10 6 among males (95% CI: 2-5) (table 2) . Conversely, latitude was not significantly correlated with CLL among males or females (p = 0.31 and p = 0.86, respectively).
The results were similar using radon as a categorical variable, adjusting for latitude (table 3) . For males and females together, there were approximately 12 more cases of CLL/10 6 among counties with an RR value of >4 versus <2 pCi/l (p = 0.002). There was a significant adjusted interaction between both genders together and radon (p = 0.009). Among males, there were approximately 17 more cases of CLL/10 6 with an RR exposure level of >4 versus <2 pCi/l (p = 0.006), adjusting for latitude. Among females, there were approximately nine more cases of CLL/10 6 for an RR exposure of >4 versus <2 pCi/l (p = 0.033). There was no significant difference in the mean CLL incidence rates among counties with 'Low' versus 'Medium' RR exposure levels, either for both genders together or separately. Latitude was not significantly associated with CLL in any of the multivariable models.
Discussion
We studied counties from four states, including two (ND and IA) with the highest RR in the USA [38] . We found positive correlations between RR and CLL incidence rates for both genders, both together and individually. These associations remained significant after adjusting for UVR.
Given that we recently reported on the relationship between RR and CLL incidence rates at the state level, why re-examine it at the county level? The answer is that relationships observed at the state level do not guarantee similar relationships at lower levels. A vivid illustration that associations do not generalize 'downward' is the future science group www.futuremedicine.com case of an indecisive jury: a jury that is indecisive does not imply that individual jurors are indecisive. Indeed, it is the resoluteness of the individual jurors that results in an indecisive jury. Similarly, it is possible that the significant correlations between radon and CLL rates across states are due to (confounding) factors other than a relationship at the county level. Thus, our findings that, in actuality, CLL levels increase as radon levels increase at the level of the county are an important extension of our previous findings.
These results are consistent with several prior ecological studies in the USA at the state level [38] and with findings from England and Wales at the county level [52] . Smith et al. [33] found a (nonsignificant) positive association between CLL incidence rates and county level radon values within Iowa. A recent cohort study among the Cancer Prevention cohort by Teras et al. [53] reported a significantly increased risk for interpolated radon levels by county and hematologic cancers in general but did not find a significant association for CLL. However, that cohort may have been underpowered to detect associations with high radon levels as it included few residents of high radon states. Conversely, our study included radon measurements from 99% of counties in IA and 93% of counties in ND, the states with the highest radon levels in the USA.
Studies of individuals exposed to short-term and high levels of ionizing radiation, such as Japanese atomic bomb survivors [54] or individuals exposed to therapeutic radiation [18, 55, 56] do not support an etiologic role for ionizing radiation in CLL. This contrasts with studies of uranium miners [19] and of participants in the cleanup at the Chernobyl nuclear site [21] [22] [23] 57] . These conflicting results could be resolved if the mechanism for radon's effects on CLL differed from the mechanisms by which of other types of ionizing radiation cause cancer. One way in which radon differs from other forms of ionizing future science group radiation is that the relevant route of exposure, with respect to lung cancer, is via inhalation. That is, radon-induced lung cancer involves the deposition of radon decay products in the bronchial epithelium where α particles damage the DNA of bronchial epithelial cells. B lymphocytes also are prevalent in the tracheobronchial epithelium and these lymphocytes could be affected analogously to bronchial epithelial cells [58] . Although the cell of origin of CLL is unknown, evidence suggests that it is a mature B lymphocyte [59] . Additionally, an increased number of apparently normal B cells (mono clonal B cell lymphocytosis) is a recognized precursor to CLL [60] . Rats exposed to radon show an increase in incorporation of bromodeoxyuridine (indicating increased proliferation) in respiratory tract macrophages. Similar findings have been described in normal human lung fibroblasts exposed to a low dose of α particles [61] . This suggests that another mechanism of radon's carcinogenicity on B lymphocytes may be via its role as a mitogen [62] . Our study has several limitations. First, this is an ecological (group level) study and its results cannot be generalized to individuals [63] . Second, paired data on county RR and CLL incidence rates were available only for a subset of the counties in the USA (478/3144 ≈ 15.2%). We had no information on residential history. Thus, it is possible that some individuals with CLL were exposed to leukemogens in one location but migrated to another where they were diagnosed. However, the effect of migration would be to reduce the size of any association, as it is unlikely that individuals with subclinical CLL migrate selectively to counties with high RR. Radon measurements were obtained via charcoal canisters placed in the residence for 2-7 days. These short term measurements are less accurate than long-term measurements (3 months to 1 year) and may introduce information bias. However, this bias also should be nondifferential and would skew the association between RR and CLL toward the null. We could not address the effects of other potential confounders, such as agricultural exposures. However, unlike CLL rates, which vary three-fold across ND and IA, 90% of the land in these states is farmland [64] . Thus, variation in agricultural exposures in these states is small and seems unlikely to account for the large differences in CLL incidence rates.
Conversely, our study has several strengths. To our knowledge, it is the first to investigate the association between RR exposure and CLL adjusting for the effects of UVR. Our ecologic study complements others [53] as it includes states with the highest levels of RR in the USA. Also, unlike studies in which radon levels were estimated or imputed [53, 65] , our study used actual radon measurements. Finally, we suggest plausible means by which CLL could be caused by radon.
conclusion Our findings at the county level confirm prior findings at the state level [38] and add to a growing body of literature that suggests that radon plays an etiologic role in CLL.
Future perspective
The epidemiologic investigation of cancers of unknown etiology often begins with studies of 'place' -locations where disease rates are unusually high, and ends with studies of 'persons'. This approach has been successful in mesothelioma, where high rates in US counties with ship-building industries led to the identification of exposure to asbestos (used in insulating ships) as the cause [66] . Incidence rates for CLL in the USA are highest in Iowa and North Dakota, rural states where specialty medical care is scarce. Thus, increased healthcare-utilization is an unlikely explanation for these rates. Our analyses confirm that CLL incidence rates at a small scale are highly correlated with RR. The next generation of studies most move from 'place' to 'person' and determine whether exposure to radon among individuals is associated with increased risk of CLL. 
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summary points
• The etiology of chronic lymphocytic leukemia (CLL), the most common adult leukemia in western populations, remains unknown. However, ionizing radiation is an etiologic factor in other leukemias and the traditional view that of CLL is an exception to this rule (i.e., is nonradiogenic) has been questioned.
• There is a significant positive linear association between measured indoor radon levels and age-adjusted CLL incidence rates at the county level.
• These findings are consistent for both men and women and remain so after adjusting for the possible confounding effect of ultraviolet radiation.
• These ecological findings support the view that CLL may be radiogenic.
References
Papers of special note have been highlighted as:
• of interest; 
